We have theoretically investigated the subband structure of single Si δ-doped GaAs inserted into a quantum well at T = 0 K. We will discuss the influence of the δ-doping concentration, the δ-layer thickness and diffusion of donor impurities. The spread of the impurities are taken into account in two different models: (i) a uniform distribution and (ii) a nonuniform distribution. In this paper, the nonuniform distribution is different from the Gaussian distribution use of other authors. The electronic structures have been calculated by solving the Schrödinger and Poisson equations self-consistently. We thus find the confining potential, the subband energies and their eigen envelope functions, the subband occupations and Fermi energy.
Introduction
The term delta-δ-doping stands, strictly speaking, for the confinement of dopant atoms during crystal growth onto a two-dimensional (2D) plane one atomic layer thick. When Si atoms are confined onto a single δ-plane in GaAs grown by molecular beam epitaxy (MBE), the resulting 'V'-shaped potential gives rise to quantized 2D subbands for motion of the electrons in the growth direction. The electrical and optical properties of δ-doped structures, either δ-doped wells [1] or superlattices [2] has stimulated much discussion. This so-called δ, or planar, doping of semiconductor structures has attracted considerable interest. The carriers released from the dopants are confined by the potential well induced by the space charges. Indeed, the δ-doping technique represents the ultimate control of a dopant profile and will play an important role in future quantum electronic and photonic devices research. Profiles with full widths at half maximum (FWHM) of 30 and 20 Å, determined by capacitance voltage, have been reported for Si-and Be-doped structures, respectively [3, 4] . Due to this property of localizing impurities in space, planar doping is used in devices to give rise to quantum confinement of carriers [5, 6] . A single and multiple δ-doping has been studied theoretically by several authors using different approximations [7] [8] [9] [10] .
In this paper, we report results of a self-consistent calculation obtained for the subband structure of an n-type single δ-doped GaAs structure at T = 0 K. We have studied the influence of the planar doping concentration, donor thickness and distribution on subband structure. The effect of diffusion of donor impurities along the growth direction is considered in two different models: (i) a uniform distribution and (ii) a nonuniform distribution. In the first case, the dopants are distributed uniformly in a sheet of thickness z, and in -50 second case a nonuniform distribution with the FWHM equal to z is used to describe the donor doping along the z direction. In this work, the nonuniform distribution is different from the Gaussian distribution use of Ben Jazia et al. [11] and other authors.
Theory
We use the effective-mass approximation in order to calculate the subband structure of an n-type single δ-doped GaAs material. The δ-doped layer is assumed to be inserted into an infinite quantum well whose thickness is L 0 . In order to obtain the effective potential, the electronic density profile, the subband energy levels, and Fermi energy were solved self-consistently by solving the Schrodinger and Poisson equations. The energy levels and wavefunctions for particles in a system can be obtained by solving the Schrödinger equation with a proper Hamiltonian. The one-dimensional Schrödinger equation is given by
where m * is effective mass, z is the direction perpendicular to the δ-doped layer, V H (z) is the effective Hartree potential, and V xc (z) is the exchange-correlation potential. The exchange-correlation potential can be neglected in δ-doped structures with high doping concentrations [12] . The Poisson equation for the confining potential V H (z) in the δ-doped semiconductor is written as with where n i is the temperature-dependent number of electrons per unit area in the ith subband given by
-80 and at zero temperature where ε is the dielectric constant, k B is the Boltzmann constant, n d is the number of filled states, E F represents Fermi energy, i is the subband index, and N d (z) is the total density of ionized dopants.
The calculation also yields self-consistently the position of the Fermi level, E F , from the condition that the total number of electrons must equal the total number of donors: The impurity charge distribution N d (z) can be mathematically described by the Dirac delta function, i.e.
where N 2D d is the 2D donor concentration. The Schrödinger and Poisson equations have been solved self-consistently by considering two different distributions of donor impurities: (i) uniform and (ii) nonuniform. In the first approximation, it is assumed that the donor impurities are distributed homogeneously in a sheet of thickness z, and for the nonuniform distribution this thickness corresponds to the FWHM.
where L 0 is the thickness of the infinite quantum well, z is the width of the donor distribution, and N 2D d is the donor concentration.
The self-consistent solution of eqns (1)- (5) gives the effective potential profile, the electronic density profile, the subband energy levels, and Fermi energy.
Results and discussion
We have studied the electronic structure of single Si δ-doped GaAs with L 0 = 500 Å. In Fig. 1 we show the effective δ-potential, the subband energies with their squared envelope wavefunctions obtained for a single δ-doped GaAs layer with L 0 = 500 Å, N 2D d = 5 × 10 12 cm −2 and z = 20 Å, at T = 0 K. The solid curves are results for the uniform distribution and the dashed curves are results for the nonuniform distribution. As can be seen, the squared wavefunction of the ground subband of the uniform distribution is better confined than the nonuniform distribution.
In Fig. 2A and B, the effective potentials are shown for different doping concentrations for the uniform and nonuniform distributions, respectively. The effective potential is deeper for larger doping, whereas the top of the potential remains almost unchanged. In all the figures, the effective potential and the subband energies are referred to the Fermi energy level and not to the top of the potential. As expected, the uniform distribution gives a deeper potential than the nonuniform distribution. In Fig. 3A and B, the electronic density profiles are shown for different doping concentrations for the uniform and nonuniform distributions, respectively. The electronic density profiles for the uniform distribution are more localized around the δ-doped GaAs layer than for the nonuniform distribution with the same donor concentration.
A change of the subband energies and the subband occupations versus different doping concentrations (between 1-5 × 10 12 cm −2 ) are shown in Fig. 4A an increasing charge density in the δ-layer leads to more band bending and gives rise to the formation of a deeper quantum well. This feature could be of use in controlling the confinement of carriers in devices using this type of doping. As expected, the number of filled states increases with donor concentration. As shown in these figures, changes of subband energies and subband occupations as a function N 2D d are not very sensitive to the donor distribution type if the electron density is low. However, by increasing the δ-doping concentration, both the depth of the effective potential, subband energies and the subband occupations are significantly changed.
We give results for uniform δ-doping at T = 0 K for six different values of the thickness of the layer where the donors are distributed. For the nonuniform distribution this thickness corresponds to the FWHM. In Fig. 5A and B we show the effective potential for six different doping thicknesses ( z = 10, 20, 30, 50, 80, and 100 Å) for the uniform and nonuniform distributions, respectively. The depth of the effective potential increases on increasing the thickness of the δ-doped layer. As can be seen, the uniform distribution shows a stronger confinement and a deeper potential than the nonuniform distribution. In Fig. 6A and B it is also shown that the electronic density for the uniform distribution is more localized than for the nonuniform distribution. This difference between donor distribution type has some important implications in the transport properties of these structures.
The energy levels and the subband occupations as a function of the thickness of the donor distribution are shown in Fig. 7A and B, respectively. The solid curves represent the uniform distribution and the dashed curves represent the nonuniform distribution for N 2D d = 5×10 12 cm −2 . As can be seen, the effective potential depth and ground subband energy are quite sensitive to the type of the donor distribution when z is large due to the influence of a change in the effective potential. Under the same conditions, the subband populations show similar behavior to the subband energies because these are linearly dependent on the subband energy at T = 0 K. It is clear from these figures that the distribution of the electrons over the levels is dependent on the width of the donor distribution. Thus, the width of the donor distribution can be used as a fitting parameter in the calculations to obtain the same subband population in this system.
In this study, we have seen that a system with donor impurities distributed uniformly in a sheet with a thickness equal to 50 Å has approximately the same bahaviour as a system with a nonuniform distribution with the FWHM equal to 30 Å. Since in a nonuniform distribution the donor impurities distribution is at a wider range than uniform distribution, (at the same z) the effective potential is shallow, the band bending is little and the electronic density is very extended. For this behaviour, the subband energies and the subband occupations are shown in Table 1 .
Conclusions
We have studied the changes of the electronic structure in a Si δ-doped layer in GaAs as a function of the δ-doping concentration, the δ-layer thickness and diffusion of donor impurities. The spread of the impurities are taken into account in two different models: (i) a uniform distribution and (ii) a nonuniform distribution. We use a different nonuniform distribution form the Gaussian distribution use of other authors. Electronic structures have been calculated by solving the Schrödinger and Poisson equations self-consistently. It is shown that the electronic properties depend strongly on doping concentrations. By increasing the δ-doping concentration, the electronic structure is changed due to N 2D d , here N 2D d can be used as a tunable parameter for these systems. It is shown that the electronic structures are quite sensitive to the type of the donor distribution when z is large, and that the confinement is more effective for a uniform distribution. Due to this property of localizing impurities in space, δ-doping is used in devices to control quantum confinement of carriers.
